incorporated into the 3D perovskite lattice, while the remaining 10% forms a cesium-rich mixedhalide secondary phase. The planar heterojunction device fabricated using this original mechanoperovskite yielded a power conversion efficiency of 19.12% and an open circuit voltage of 1.16 V. Moreover, we show that the introduction of chloride improves both interfacial and bulk photovoltaic metrics. Our one-step approach provides an efficient general method for incorporating poorly soluble salts into multi-component perovskite crystal lattices.
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Hybrid organic-inorganic metal halide perovskites have been attracting attention as promising materials for the next generation of solar cells, owing to their excellent optoelectronic properties including high light extinction coefficients, 1 long charge carrier diffusion lengths, 2,3,4 long charge carrier lifetimes and high charge carrier mobility. 5 In just a few years, perovskite solar cells (PSCs) have reached certified power conversion efficiencies (PCE) of over 22%, rivalling other well-established solar cell materials. 6, 7 Within the diverse ABX 3 (A=Cs, MA, FA; B= Pb, Sn, Ge; X= Cl, Br, I) hybrid halide perovskites family, the most widely used materials are methylammonium lead iodide (MAPbI 3 ) and formamidinium lead iodide (FAPbI 3 ) and they are studied in both mesoporous and planar device architectures. 8 However, MAPbI 3 shows poor thermal and moisture stability 9 while FAPbI 3 suffers from thermodynamic instability, whereby it spontaneously transforms into a wide-bandgap hexagonal, yellow δ phase. 10 We first prepared the state-of-the-art triple-cation perovskite material (further referred to as triple) as a reference material by grinding the solid precursors according to a recently published procedure. 28 Here by replacing CsI with CsCl in a similar mechanosynthesis procedure, we obtained a new triple-cation mixed-halide perovskite (further referred to as triple_Cl) (see the ESI for details). The powder X-ray diffractograms (pXRD) of triple and triple_Cl ( Figure S1 )
indicate that the two materials have a very similar structure, with the peaks at ~14.0° and ~28.0°
originating from the (110) and (220) planes of a 3D perovskite phase. Both samples also exhibit a small peak at 12.6° corresponding to an excess of PbI 2 , which was added to match the original composition of Saliba et al. 20 Next, both powders were dissolved in a mixture of DMF and DMSO (4:1 v/v), and the resulting solutions used to fabricate perovskite thin films by a singlestep deposition method (further experimental details are given in the ESI). The pXRD patterns of the thus obtained films exhibit the expected black perovskite phase and PbI 2 reflections ( Figure   S2 ).
In order to evaluate the film quality, we characterized their morphology and optical properties.
Plan view SEM images of both compositions reveal pinhole-free, uniform films after annealing at 100°C for 45 min ( Figure S4 ). Previous reports have shown that the presence of chloride in the starting solution leads to larger perovskite grains, thus enhancing the photovoltaic performance of the resulting devices. 29, 30, 31, 32 Here, we find that triple and triple_Cl films exhibit a similar polycrystalline texture and comparable grain sizes in the range of 100−350 nm. This parameter being comparable in both compositions, we expect that any differences in performance will be largely caused by the charge carrier recombination and transfer dynamics across the heterojunction interfaces, rather than by morphological differences. 33 So far, studies of chlorine incorporation have been limited to single-cation lead halide perovskites (MAPbI 3 and FAPbI 3 ). 29, 30, 31 Since current best photovoltaic perovskite materials are multiple-cation compositions, here we seek to bridge this gap by investigating the effect of chloride addition in a triple-cation system.
Given the low chlorine content in the triple_Cl composition (~ 5 mol%), it is impossible to quantify by X-ray spectroscopy since the Cl Kα line (2.62 keV) overlaps with the much more intense Pb Mγ line (2.65 keV) with the resolution of EDX and XRF being on the order of 0.15 keV (the XRF spectrum of triple_Cl is given in Figure S5 ). Cesium incorporation into the perovskite lattice, on the other hand, can be confirmed in a straightforward manner with solidstate NMR, as we have previously demonstrated on triple and other similar compositions. 28, 34 We have also demonstrated that the microstructure of bulk mechanochemical perovskites corresponds to that of thin films, which makes them a good candidate for high-sensitivity solidstate NMR studies. 28, 35 We apply these notions here to probe the atomic-level microstructure of the cesium sites in the triple_Cl material. Figure 1 shows solid-state 133 Cs MAS NMR of the bulk mechanoperovskites. The quantitative spectrum of triple_Cl ( Figure 1a ) exhibits one main 133 Cs resonance which corresponds to cesium sites incorporated into the 3D perovskite lattice, coinciding with that of the previously reported triple composition (Figure 1b) . 28 The spectrum 7 also shows a second, significantly smaller resonance whose quantification indicates that about 10% of cesium in the triple_Cl composition is present as a different phase. This resonance has a shift (103 ppm) corresponding to that of pure CsPbBr 3 (103 ppm) but it is significantly broader ((219 ± 9) Hz and about 2 kHz, respectively). Since the triple_Cl sample composition contains three anions (I, Br and Cl), the second phase is likely a mixed-anion cesium lead halide, similar to those formed by rubidium. 28 This is supported by analysing CsPbBr 1.5 Cl 1.5 ( Figure 1e ) in which the disorder introduced by the presence of two X-site anions leads to a significantly broader 133 Cs resonance (fwhm of (2170 ± 30) Hz), as compared to pure CsPbBr 3 (fwhm: (219 ± 9) Hz) and CsPbCl 3 (fwhm: (192 ± 6) Hz). We exclude the presence of pure δ-CsPbI 3 , which gives a peak at 240 ppm ( Figure S5 ). The secondary phase in triple_Cl is most likely a mixed cesium lead chloride-bromide although the presence of small amounts of iodide cannot be excluded.
Moreover, we cannot at this stage confirm the presence of chlorine in the main perovskite phase of triple_Cl by NMR (large quadrupolar couplings combined with low doping levels make 35 Cl solid-state NMR particularly challenging in perovskite materials; DNP has been used to observe low levels of chlorine in pharmaceutical formulations, 36 but due to the presence of extensive dynamics this is difficult to transfer to perovskites), making it difficult at present to accurately quantify the chemical composition of the main phase. Recently, the existence of Cl in a small proportion inside the methylammonium tri-halide tin perovskites was demonstrated. given in Figure S6 .
The possible incorporation of chlorine into the perovskite lattice together with the presence of a separate mixed-anion cesium lead halide phase should result in differences in the optical response and energy levels of triple and triple_Cl. The UV-VIS absorption spectra of the two thin films are presented in Figure 2a . The absorption onset of triple is at about 775.0 nm, consistent with the previously reported value. 20 The triple_Cl film exhibits a similar absorption spectrum with a small blue shift of 7-10 nm, indicating a wider bandgap (Figure 2a, inset) .
Extrapolated from the absorption of the direct transition at the absorption edge, the bandgap (E g ) of triple and triple_Cl was calculated as 1.58 eV and 1.60 eV, respectively. In addition, steadystate photoluminescence (PL) spectra show a blue shift of ~10 nm in triple_Cl compared to triple (Figure 2b) , consistent with the UV-VIS measurements. We also note that the PL intensity 9 increased significantly in triple_Cl compared to triple, which indicates a decrease in nonradiative recombination originating from defects and trap states.
Ultraviolet photoelectron spectroscopy (UPS) was employed to investigate in more detail the energy levels of triple and triple_Cl. Figure 2c shows the UPS spectra of the two films, The higher PCE of the triple_Cl device is mainly due to its higher V oc (1.16 V), compared to that of the triple device (1.12 V), which is among the highest V oc reported for TiO 2 -based planar-architecture PSCs. The improvement in V OC of triple_Cl devices (~40 mV) is larger than expected simply from the increased bandgap. Another contributing factor may be the reduced electron-hole recombination, which we discuss below. Notably, both PSCs show similar extent of J-V hysteresis behaviour ( Figure S8 ), which is typical in TiO 2 -based planar device architectures. 38, 39 The incident photon-to-current efficiency (IPCE) spectra of both devices were measured and shown in Figure 3b . The integrated J sc from the IPCE measurements match well those extracted from the J-V curves. Moreover, the blue-shifted trend of the absorption edge in IPCE coincides with that observed in the UV-VIS spectra (Figure 2a ).
To gain further insight into the improvement in V oc , we applied electrochemical impedance spectroscopy (EIS) to the fabricated devices. Figure S10 shows the Nyquist spectra of the triple and triple_Cl devices measured under illumination as a function of applied bias. Figure 4a illustrates the extracted value of R rec from the low frequency spectra in a bias range from maximum power voltage to V oc . Recently, we have demonstrated that the values of R rec are inversely proportional to the recombination rate in PSCs. 40, 41 The values of R rec were obtained from the electrically equivalent circuit ( Figure S11 ), comprising contributions from the series resistance (R s ), transport recombination (R 1 ), bulk capacitance (C 1 ) and the interfacial charge accumulation capacitance (C acc ). Figure 4a shows that the higher value of R rec for the triple_Cl devices at bias close to V oc and is consistent with lower recombination, leading to higher V oc . We note that suppressed recombination resulting from chlorine doping has also been observed by other authors. 29, 32 There, the improvement is ascribed to an increase in the perovskite grain size, which is different from the present study, as we did not find any significant changes in the morphology and grain size distribution of the two materials. This result indicates that the presence of a minor mixed-anion cesium lead halide phase changes the intrinsic electrical properties of the perovskite material in an advantageous manner.
These results are further confirmed by measuring the V oc as a function of illumination for triple and triple_Cl devices as shown in Figure 4b . The plot of V oc vs log scaled illumination was fitted by a liner expression of "# = & ( + , ln( ) + , where n is the ideality factor, K B is the Boltzmann constant, T is the absolute temperature, q is the charge and I is the illumination intensity. The n value of 1.62 for triple_Cl and a higher n value of Furthermore, we measured the J-V characteristics in the dark and in forward direction for triple and triple_Cl devices ( Figure S12 ). The lower leakage current in the exponential region and lower slope in the high forward bias region for triple_Cl further confirms the lower recombination losses and R S .
In conclusion, we have addressed the problem of integrating poorly soluble alkali metal salts into multiple-cation perovskite materials using one of the best performing composition to date.
We have shown that Cs was incorporated into the A-site of the perovskite structure using an insoluble CsCl (90% Cs incorporation) by straightforward one-step grinding of the precursors, however the fate of Cl is at this stage unknown. Moreover, we demonstrate that the improved V oc and PCE in the triple_Cl material is caused by supressed recombination at interfaces, rather than by morphological differences. This new method of incorporation of dopants insoluble in DMSO and DMF is expected to be quite general, and will relieve the previous limitation on diversity in multi-component perovskites.
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